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Introduction
The translocator protein 18 kDa (TSPO) is a nuclear encoded mitochondrial protein which is abundant in peripheral organs (particularly adrenal glands and kidney) and haematogenous cells. Its function still needs full elucidation but it plays an important role in steroid synthesis and in the regulation of immunological responses in mononuclear phagocytes. In diseases of the central nervous system (CNS), high levels of TSPO have been observed in infiltrating blood-borne cells and in activated microglia. Significant microglial activation occurs after mild to severe neuronal damage resulting from traumatic, inflammatory, degenerative and neoplastic disease. Microglia are activated not only in the surroundings of focal lesions but also in the distant, anterograde and retrograde projection areas of the lesioned neural pathway. The best-characterised ligand of TSPO is 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinolinecarboxamide or PK11195 which binds to TSPO with nanomolar affinity in many species. At the time of writing, entering the term PK11195 into the PubMed search engine returned almost 1300 literature references. The first seven papers with reference to PK11195 were published in 1983; thereafter, the number of publications grew year by year to around 50 in 1989. From then, the publication output has been almost constant at a rate of approximately 50 papers a year for the past 25 years.
The first positron emission tomography (PET) imaging study with 11 C-labelled PK11195 was reported in 1986 [1] . In contrast to later studies using enantiomerically pure (R)-PK11195, all early work was carried out with racemic PK11195. Stereoisomerism, however, does not affect physical properties of the compound such as lipophilicity and therefore does not impact on the passage across the bloodbrain barrier (BBB) by passive diffusion. In [1] , the specificity of [ The authors concluded that the high [ 11 C]PK11195 radioactivity in non-contrast-enhancing glioma and the nearly equal K 1 values in tumour and remote grey matter indicated that disruption of the blood-brain barrier was not the basis for the positive imaging results [3] . The strong correlations observed between specific activity and tumour radioactivity suggested that most of the binding sites were occupied at the lower specific activities and supported the view that the increased radioactivity in tumour is due to high-affinity binding to TSPO [3] .
In a subsequent brain imaging study after ischaemic stroke [4] , sequential cerebral blood flow (CBF) measurements, contrast-enhanced computed tomography (CT) and 60 min dynamic PET following [ 11 C]PK11195 bolus injection were performed 6, 13 and 20 days after the event. There was no obvious relation between CBF and retention of [ 11 C]PK11195 [4] . Although the authors reported that 11 C radioactivity and regions of contrast enhancement in the CT did not match closely, the retention of radioactivity was expressed as average counts/s per ml brain tissue 40-60 min post-injection relative to the integral (0-50 min) of radioactivity in metabolite-corrected plasma [4] . From a quantification point of view, this approach avoided any assumption regarding integrity of the BBB. It was concluded that TSPO PET can be used to detect the anatomical localisation in vivo of the accumulation of macrophages and that the temporal profile of this response in brain lesions can be monitored [4] .
Reference region analyses
In the 1990s the concept of expressing the binding of the radiotracer in the region with high target expression relative to another region with low specific binding or 'reference region' was introduced into PET data analysis and very rapidly gained popularity in neuro-receptor imaging. Milestones of these developments were the works by Blomqvist et al. [5] , Cunningham et al. [6] , Lammertsma et al. [7, 8] and Logan et al. [9] . From a practical point of view, this approach provided the huge advantage of avoiding the need for blood sampling during the PET scan. This not only reduced the discomfort to the study participants and increased the feasibility of longitudinal studies with repeat scans but also overcame the need for radioanalytical methods to accurately identify the plasma metabolite fractions in the samples taken. This elimination of the radioanalytical methods from the measurements provided the potential to lower the variability in the data acquired in different laboratories.
Parent fraction determination in plasma samples
Pike et al. [10] reported in 1993 that in a study of ten patients with cardiac embolic infarcts and five patients with multiple sclerosis, the fraction of unchanged radioligand was 83 ± 8 % at 5 min and 55 ± 7 % at 60 min (mean ± SD) following administration of [N-methyl- 11 C] PK11195. They used an automated technique combining solid-phase extraction (SPE) with reverse phase high-performance liquid chromatography (HPLC) that had previously been developed for the routine determination in plasma of unchanged 11 C labelled radioligands [10] . A rapid HPLC procedure for the quantitative determination of [ 11 C]PK11195 in mouse plasma and tissue and in human plasma was described by De Vos et al. [11] in 1999. After intravenous injection of 370 MBq in five human volunteers, the unchanged fraction of [ 11 C]PK11195 in human plasma was found to be 95 ± 1 % at 5 min, 78 ± 3.3 % at 20 min and 66 ± 2.9 % at 35 min (mean ± SD) [11] . Subsequently, the HPLC procedure with online SPE was modified for analysing [ 11 C](R)-PK11195 plasma samples, yielding total sample recoveries of more than 98 % [12] . Whilst this refined method effectively reproduced the parent fraction previously reported at 5 min in [10] , the percentage of unchanged radioligand in plasma was lower than in [11] with 57.5 ± 6.4 % at 20 min and 45.2 ± 9.4 % at 60 min (mean ± SD, ten human subjects) [12] . It is important to notice that beginning with [12] the racemic mixture [ 11 C]PK11195 has been replaced with enantiomerically pure [ 11 C](R)-PK11195 after the discovery of significantly higher retention of the R-enantiomer than the S-enantiomer in focal cortical lesions in the rat [13, 14] .
Roivainen et al. [15] developed a fast and reliable highperformance liquid chromatography (radio-HPLC) method with online radioactivity measurement and a thin-layer chromatography (radio-TLC) method combined with digital photostimulated luminescence autoradiography for the quantitation of [ 11 C](R)-PK11195 and its radioactive metabolites in sequential plasma samples drawn during PET imaging. In order to evaluate the reproducibility of radio-HPLC metabolite analyses, ten patients with Alzheimer's disease (AD) underwent two successive [ 11 C](R)-PK11195 examinations on separate days. Consistent with the previous report by Greuter et al. [12] , large betweensubject variation in the metabolism of [ 11 C](R)-PK11195 was found [15] . The level of unmetabolised [ 11 C](R)-PK11195 decreased slowly from 96.3 ± 1.6 % at 5 min, 76.2 ± 6.1 % at 20 min to 57.8 ± 10.9 % at 50 min after injection (mean ± SD) [15] . The radio-HPLC method was deemed to be of moderate to high reliability with intraclass correlation coefficients (ICC) ranging between 0.41 and 0.80 on the measurements at time points from 5 to 40 min. It was reported that data from radio-TLC correlated well with those from radio-HPLC albeit the radio-HPLC method was found to be slightly more sensitive and to yield a better separation between [ 11 C](R)-PK11195 and its metabolites than the radio-TLC method [15] .
In another test-retest study, performed by Jučaite et al. [16] in a cohort of six control subjects, the unchanged fraction of [ 11 C](R)-PK11195 in plasma declined only to 70 ± 1.5 % (mean ± SD, range 60-77 %) at 50 min after injection, which is the highest parent fraction value reported in the literature. At the other end of the spectrum, Lamare et al. [17] reported parent fractions in plasma as low as 68.0 ± 6.6 % at 5 min and 29.1 % ± 5.7 % at 60 min after injection. The study was conducted in seven patients with systemic inflammatory disorders and, in contrast to all reports previously quoted, arterialised venous samples from a heated arm or hand were analysed [17] . Thus it is possible that the comparatively low parent fractions in [17] are actually a reflection of differences in the fractions of [ 11 C](R)-PK11195 between arterial and arterialised venous blood although an investigation with concomitant arterial and arterialised venous sampling would be needed for confirmation. Another possibility for the fast in vivo metabolism of [ 11 C](R)-PK11195 seen in study [17] could be the inclusion of patients with systemic inflammatory disorders. A side by side comparison of parent fractions in plasma reported by selected studies can be looked up in Table 3 of Roivainen et al. [15] .
This short discourse on the challenges presented by the determination of the fractions of radioactivity due to [ 11 C](R)-PK11195 in human plasma samples (that equally apply to blood and tissue samples in pre-clinical research studies with usually even smaller sized samples and lower activity levels in small laboratory animals) makes the desire to employ a bloodless quantification method all too understandable. One of the first such publications with [ 11 C]PK11195 came out in 1995 by Groom et al. [18] . In short,
• eight patients with a diagnosis of probable AD underwent PET of the brain using
11 C]PK11195 in various brain regions was expressed relative to that in the cerebellum • and compared to values determined in one normal elderly subject and in clinically and anatomically unaffected hemispheres of seven patients with small unilateral gliomas.
• No increases in peripheral benzodiazepine binding were identified in patients with probable AD [18] .
The paper concluded that the peripheral benzodiazepine binding sites associated with microgliosis and cellular inflammation in AD at post mortem were undetectable by PET using [ 11 C]PK11195 in patients with mild-to-moderate dementia [18] .
It is worth going through the individual points of the methodology used in this investigation to discuss whether the conclusion was actually derived on solid grounds.
First, it had been established before that in AD an inflammatory process occured in the plaques and that activated microglial cells expressing certain monocyte/macrophage markers were present, as reviewed for example in [19, 20] . Thus the question was whether [ 11 C]PK11195 PET provided a tool sensitive enough to detect these changes in vivo already at a mild-to-moderate disease stage.
Second, as to the image quantification, anatomically configured regions of interest (ROIs) were superimposed on the images that were collected from 40 to 60 min after [ 11 C]PK11195 bolus injection and average counts per voxel were recorded [18] . To control for differences in arterial tracer activities, these ROI values were then normalised to those of the cerebellum, as studies had shown this to be one of the least pathologically affected brain structures in AD [18] . Two particular questions arise in this section:
1. is cerebellum an appropriate choice for a reference region? 2. Can the specific binding of the radiotracer to the target TSPO be characterised well by a 40-60 min target-toreference region activity ratio?
Cerebellum as an anatomically defined reference region A reference region for the quantification of reversibly binding receptor ligands should be devoid (or almost devoid) of specific ligand binding and only share the same free and non-specific binding with the region expressing the target [6] . Furthermore, in a case-control study, the reference region should remain unaffected by the disease. Doble et al. [21] described the labelling of TSPO in post mortem human brains removed at autopsy from road accident victims (a woman aged 40 [21] . The specific [ 3 H]PK11195 binding sites were present in the grey matter whilst the white matter contained only non-specific binding [21] . For the cerebellar cortex, binding densities of 660 ± 85 fmol/mg protein for the granular cell layer, 191 ± 55 fmol/mg protein for the molecular cell layer and 41 ± 32 fmol/mg protein for white matter were reported [21] . For comparison, the highest binding densities were found in the dorsomedial thalamic nucleus (1912 ± 412 fmol/mg protein) and in inferior olivary nucleus of the medulla (1655 ± 355 fmol/mg protein) [21] . Moderate binding densities were reported for the cortex: 726 ± 128 fmol/mg protein for the cingulate gyrus, 886 ± 108 fmol/mg protein for the insula and 892 ± 113 fmol/mg protein for the orbital gyrus [21] . In summary, specific [ 3 H]PK11195 binding in post mortem human brain sections was lower in cerebellar grey matter than in cortical grey matter or the diencephalic structures. However, the cerebellar grey matter was not free of specific [ 3 H]PK11195 binding. How does this distribution of TSPO in healthy human brain translate into an in vivo PET imaging study? Owen et al. [22] performed a human TSPO blocking study with the radioligand [ 11 C]PBR28 and the selective TSPO antagonist XBD173. Note, that [ 11 C]PBR28 binds to TSPO in human brain from different subjects in one of three ways: high-affinity binders and low-affinity binders (HABs and LABs) express a single binding site for TSPO with either high or low affinity, respectively, whereas mixed affinity binders (MABs) express approximately equal numbers of the HAB and LAB binding sites [23] . The TSPO binding phenotype is determined by the polymorphism rs6971 located in exon 4 of the TSPO gene resulting in a non-conservative amino-acid substitution at position 147 from alanine to threonine (Ala147Thr) in the fifth transmembrane domain of the TSPO protein [23] . In the TSPO blocking study, six healthy volunteers (all of them HABs) underwent paired [
11 C]PBR28 PET scanning with arterial sampling [22] . The baseline scan was with tracer alone, whereas the repeat scan was performed 2 h after an oral dose of XBD173 (10-90 mg). The non-displaceable volume of distribution V ND was then estimated via an occupancy plot [24, 25] . The group average V ND was reported as 1.89 (95 % CI 1.32, 2.46) with an overall whole-brain total volume of distribution V T in HAB of 4.33 ± 0.29 [23] . The figure provided in [23] indicated that the V T in the cerebellum was slightly below this wholebrain V T which still is about twice the V ND . In summary, Owen et al. [23] found that about half of the [ 11 C]PBR28 total volume of distribution V T in the cerebellum was attributable to displaceable binding.
Taken these findings together, great caution is warranted for the use of cerebellum as a pseudo-reference tissue because the amount of specific binding in the cerebellar grey matter of healthy human brain was non-negligible. A negative bias, i.e. an underestimation of the true specific binding in the target region, is to be expected if the cerebellum is used as a reference region. If the specific binding in the ROI is smaller than that in the cerebellum, even apparently negative specific binding could be the consequence.
Target-to-reference ratio as outcome measure for specific binding
Which mathematical approach should be used to work out the specific binding of a PET receptor ligand in vivo? The standard model for the quantification of the interaction between binding sites and reversibly binding ligands in PET was introduced in 1984 by Mintun et al. [26] . It was based on a three-tissue compartment model with separate compartments for free, non-specifically bound and specifically bound ligand in brain tissue [26] . It also introduced the new term binding potential, equal to the product of the density of available binding sites B avail with the binding affinity K D -1 , to express specific binding of a receptor ligand in vivo [26] . After the consensus nomenclature for in vivo imaging of reversibly binding radioligands was agreed in 2007 [27] , this binding potential BP F expressed the size of the compartment for specific binding relative to the free ligand concentration in plasma. Another variant of the binding potential is BP ND denoting the specific binding relative to the non-displaceable binding which is represented by the combined free and non-specifically bound compartment [28] .
At true equilibrium, V T is the ratio of the total tissue concentration to the concentration of parent compound in arterial plasma. Equilibrium conditions can be achieved by continuous infusion of the radiotracer, which often follows after an initial loading bolus [29] . With the availability of a reference region free of specific binding and the uniformity of the free and non-specific binding, the binding potential BP ND can be calculated from the ratio of the concentration in the ROI over the concentration in the reference region minus one at true equilibrium.
True equilibrium cannot be reached after a single bolus injection. Often, however, the tissue concentration cleared at the same rate as the parent concentration in plasma from a certain time after bolus injection onwards which meant that a plot of the ratio of tissue concentration over metabolite corrected plasma concentration reaches a plateau. Following the terminology of parent-daughter decay in radiation physics, this condition is referred to as transient equilibrium [29, 30] . An apparent BP ND calculated from the ratio of the concentration in the ROI over the concentration in the reference region minus one at transient equilibrium, however, is in general different from the true BP ND [31] . The magnitude of that difference depends on the clearance rates in the ROI and the reference region, respectively, and on the time point the ratio is calculated [29, 31] . To avoid subjecting the results of a research study to these uncertainties associated with simple tissue concentration ratios, a model-based kinetic or graphical analysis of the data acquired after bolus injection is the preferred strategy to derive binding parameters [32] .
Returning to the points raised about the methodology used in [18] , the third item on the list is now considered which is the appropriate choice of the control population in a case-control study. After Hanahan and Weinberg [33] highlighted the role of inflammation in inducing many types of cancer by adding tumour-promoting inflammation as an enabling characteristic to the previously described six hallmarks of cancer [34] , it is now widely recognised that inflammation is evident at the earliest stages of neoplastic disease. Therefore, it can be questioned whether seven patients with small unilateral gliomas are a suitable control cohort to assess whether neuro-inflammation is detectable in AD patients with mild-to-moderate dementia using [ 11 C]PK11195 PET [18] . Although control values were derived from the clinically and anatomically unaffected hemispheres of the cancer patients, the possibility of pathologically raised [
11 C]PK11195 binding in the contralateral hemispheres cannot be rejected. If this had been the case, a comparison of the [ 11 C]PK11195 binding between the contralateral hemispheres of the glioma patients and the AD patients might have missed the neuroinflammation if it had been present in the AD cohort. Therefore, it is generally preferred to use age matched healthy participants as reference population in TSPO imaging studies with a case-control design.
Taken all the methodological points analysed together, the structure of the study presented in [18] had several methodological shortcomings affecting the ability to identify increases in TSPO binding in patients with probable AD. In contrast, a subsequent study by Cagnin et al. [35] found activated microglia measured in vivo with [8, 36] . For the extraction of the reference tissue kinetics from the dynamic images, no anatomically defined brain region was used. Instead, a data-driven technique was adapted to dynamic [
11 C](R)-PK11195 brain PET data to generate a reference input function. Two main findings were reported in [35] :
• In normal individuals, regional [
11 C](R)-PK11195 binding did not significantly change with age, except in the thalamus, where an age-dependent increase was found.
• Patients with AD showed significantly increased regional [ 11 C](R)-PK11195 binding in the entorhinal, temporoparietal and cingulate cortex.
Two other technical improvements affecting signal detectability should also be mentioned. The racemic [ 11 C]PK11195 used in [18] was superseded by [ 11 C](R)-PK11195 in [35] as the radioligand with higher specific binding [13] . The positron camera in [35] was operated in three-dimensional acquisition mode providing both a larger axial field-of-view and increased sensitivity than the scanner with only eight rings used in [18] .
Data-driven methods for the extraction of reference tissue kinetics
What are data-driven methods that can segment dynamic PET data into kinetic classes? In nuclear medicine data analysis, voxels in three-dimensional space are usually grouped together in ROIs based on their proximity. ROIs are directly placed on the PET images often aided by images provided by modalities with superior spatial resolution and higher tissue contrast like CT or magnetic resonance imaging (MRI). One of the problems with this approach is that it does not take into consideration the higher partial volume effect present in the nuclear medicine images due to their lower spatial resolution. It also neglects any heterogeneity within the ROI by assuming that all time-activity curves (TACs) of the voxels in one ROI were generated by one underlying kinetic process and that the variability between the voxel TACs of one ROI is only due to random statistical noise [37] .
A different approach is to group voxels together based on their similarity between the voxel TACs. This means that not the voxels that are close to each other in space but the voxels that share similar kinetics in time will be in the same class. For example, in a dynamic PET data set that has been reconstructed in n temporal frames, each TAC consists of n measured data points. Note that the independent variable representing the time points of the TAC is usually not equidistantly spaced as the lengths of the frames tend to increase with scan time to achieve a comparable number of counts per frame compensating for the decay of the radiolabel as the scan progresses and to account for any initially fast and later slower kinetics of the radiotracer. The dependent variable is then an n-dimensional vector representing the activity concentration for each of the voxels. Now the entire set of measured voxel TACs can be partitioned or segmented into k clusters by
• defining a distance measure between two data vectors in n-dimensional space and • calculating the distance between the cluster's centroid and the voxel's data vector.
If the distance can be transformed into an expression of the likelihood of the voxel belonging to a cluster, then this approach is referred to as 'soft clustering' because it defines a relationship for each of the voxels with all of the k clusters. This is the opposite to 'hard clustering' where each voxel is assigned to exactly one of the k clusters, the cluster whose centroid has the shortest distance to the voxel's data vector.
The squared Euclidean distance or the Mahalanobis [38] distance are two examples of distance measures used with PET data of inherently statistical nature as result of radioactive decay. The number of classes k has to be defined prior to performing the cluster analysis although it is possible to perform several cluster analysis runs across a range of values for k for example k = 2, 3, …, 12. Visualisation tools such as silhouette plots can be used to examine the tightness and separation of the classes in search for the choice of a single k [39] . If the centroid of a cluster is calculated from the voxels in the cluster, for example as the arithmetic mean or the median, then this is also referred to as 'unsupervised clustering'. If the cluster centroids are pre-defined then a 'supervised clustering' method is used.
Among the first reports of applying multivariate data analysis techniques to dynamic PET images was that by O'Sullivan [40] in an effort to address the challenges of ROI heterogeneity and high noise at the voxel level. A mixture analysis approach was presented approximating voxel TACs as a linear combination of a number of underlying model sub-TACs [40] . Thereafter, Ashburner et al. [41] described a clustering technique that adapted a mixture model to accommodate dynamic PET data. The principal difference to the original algorithm was described as being concerned with the shapes of the voxel TACs (vectors) and not their absolute scaling as in dynamic PET data the observed absolute scaling is determined by the delivery of the tracer [41] . The modified algorithm was presented as being able to suppress the domination by effects of magnitude and to classify the TACs by more subtle variation in curve shapes [41] . As a consequence of the modifications, the dimensionality of the problem was reduced because all the data were effectively mapped to the same hyperplane [41] . Examples of application to [ 11 C]flumazenil brain data were given illustrating the use to partition dynamic images into areas of distinct kinetics [41] .
The first report to use a data-driven method for the extraction of reference tissue kinetics from dynamic [ 11 C]PK11195 brain scans was by Myers et al. [42] involving control subjects and patients with Bell's Palsy, a condition where the focus of injury in the brain is confined to the facial nucleus in the brain stem. The dynamic data were segmented into k = 10 clusters using the previously developed method by Ashburner et al. [41] . It was reported that for most subjects one of the two dominant clusters was found to represent normal kinetics, as determined by comparison of the shape of the TAC with that from control brains [42] . The TAC from this 'normal' cluster was then applied as the input function to the SRTM generating parametric maps of BP ND [36] .
This package of novel methodology consisting of the unsupervised cluster analysis for the extraction of reference tissue kinetics, the SRTM and its basis function implementation for the generation of parametric maps of BP ND paved the way to a number of subsequent clinical research studies with [
11 C](R)-PK11195. Two of those reports are of interest here as they provide more details about the kinetic modelling and analysis [43, 44] .
In the first report, 14 (8 males/6 females) healthy subjects between the ages of 32 and 80 years (mean age 57.3 years) were studied [43] . In normal brain, the majority (around 90 %) of the voxels were segmented into two clusters, one representing the TAC mainly from the skull and scalp and one representing the TAC of voxels mostly located in the cerebral cortex. The latter was identified as the kinetic of the ligand in normal brain tissue. A normalised mean TAC (population input kinetic) was calculated from the normal ligand kinetics (from each of the 14 subjects) as previously identified by cluster analysis. The suitability of the TAC extracted by cluster analysis as the individual normal ligand kinetic was confirmed by testing for dissimilarity with the normal population input kinetic (v 2 test \0.95) [43] .
In the second report, 12 (4 male/8 female) patients with multiple sclerosis between the ages of 28 and 66 years (mean age 46.3 years) were studied [44] . Because of the often widespread tissue pathology in multiple sclerosis, the approach presented in the first report [43] was used to extract the reference tissue TAC. Increased TSPO expression was demonstrated in areas of focal pathology and also in normal-appearing structures, including cerebral grey matter [44] . However, one patient with secondary progressive multiple sclerosis had to be excluded from the study since no appropriate TAC could be extracted to serve as an input function [44] . Another report applying this unsupervised cluster analysis to [ 11 C](R)-PK11195 brain scans of 39 subjects-young and older healthy subjects, patients with amnestic mild cognitive impairment (MCI) and AD patients-observed four cases where no meaningful clustering was obtained and thus these scans had to be excluded from the comparative analysis [45] . This apparent failure of the unsupervised clustering reported in several cases constituted a serious limitation of the data analysis method. How could cluster analysis be performed differently in order to always produce a TAC representing reference tissue kinetics?
Turkheimer et al. [46] presented a supervised cluster analysis approach [47] expressing each voxel TAC, after normalisation of each frame of the dynamic image by subtracting its mean and dividing it by its standard deviation, as a weighted linear combination of a set of six predefined kinetic classes. The non-negative least squares (NNLS) algorithm [48] was used to determine the set of non-negative weights per voxel, a concept similar to that underlying spectral analysis of dynamic PET data [49] , resulting in a set of six parametric maps of weights for the following classes: 'normal grey matter', 'white matter', 'pathologic TSPO binding', 'blood pool', 'muscle' and 'skull' [46] . The reference tissue TAC was finally calculated as a weighted average of the original voxels TACs using the weights of the 'normal grey matter' class [46] .
As the training data set for all kinetic classes except 'pathologic TSPO binding', scans of 12 control subjects acquired on the ECAT EXACT 3D were used [46] . Grey and white matter maps were obtained from the segmented MRI volume and then thresholded (only map values [90 % of maximum value were retained) to minimise the effect of partial volume [46] . ROIs for the 'blood pool' were manually placed on the venous sinus, for 'muscle' on the sternomastoid muscle and for the 'skull' on the skull [46] . The kinetic class 'pathologic TSPO binding' was defined by an ROI placed on the striatum and globus pallidus of three symptomatic patients with genetically proven Huntington's Disease (HD) [46] . The normalised TACs extracted from the scans for each kinetic class were then averaged to form the population data base needed for the supervised cluster analysis with six kinetic classes (SVCA6).
Note that due to the specific properties of the cameras, for example sensitivity, scatter fraction and spatial resolution, and of the image reconstruction, for example filtered back projection or ordered subset expectation maximisation iterative method, used, SVCA6 population data bases were subsequently generated for the High Resolution Research Tomograph (HHRT) [50] using data from subjects with multiple identified risk factors of stroke but no evidence of cerebral damage [51] and for the ECAT EXACT HR? scanner using data from patients after traumatic brain injury (TBI) [52, 53] for the definition of the 'pathologic TSPO binding' class. In fact, it was even possible to extend the SVCA approach [46] to a small animal camera with only three kinetic classes distinguishable in rat brain [54] .
Su et al. [55] performed a systematic comparison between the cerebellar grey matter input function and the SVCA6 generated reference tissue input function in a study on the HRRT that involved 23 glioma patients (16 maled/7 females, age range 22-73 years, mean age 40 years) and ten healthy control participants (7 males/3 females, age range 23-68 years, mean age 44 years) with [ 11 C](R)-PK11195. Although the shapes of the two reference tissue input functions systematically differed in that the SVCA6 reference tissue input function had a higher signal in the initial phase of the scan (for the first 20 min or so), consistent BP ND parametric maps generated with the SRTM were obtained in all control subjects and 10 of the glioma patients [55] . However, in the remaining 13 glioma scans, BP ND from SVCA6 reference tissue input and BP ND from cerebellar grey matter input were still highly correlated but BP ND from SVCA6 reference tissue input were systematically smaller than BP ND from cerebellar grey matter input throughout the brain both inside and outside the tumours [55] . In those scans, the TAC of the SVCA6 reference tissue input function was higher than the cerebellar grey matter TAC throughout the entire duration of the 60 min dynamic PET scan. This observation led to the hypothesis that in some instances the 'normal grey matter' class of SVCA6 on the HRRT may be contaminated by high binding in the connective tissue outside the brain or in the venous sinuses [56] . This possible vulnerability of the SVCA6 generated reference tissue input function on the HRRT was further supported by the report of a 78-year-old control participant with generalised brain atrophy on the MRI where the BP ND with SVCA6 reference tissue input was higher than the BP ND with cerebellar grey matter input throughout the brain [56] .
An alternative approach applying a brain mask (usually obtained from a co-registered structural brain MRI) to the dynamic [
11 C](R)-PK11195 image prior to performing the supervised cluster analysis was devised [52, 57] , classifying the data in only four clusters. Thus the number of weights per voxel to be estimated was reduced from 6 to 4, and extra-cerebral signal of the bone and soft tissue classes was eliminated from the classification process [52, 57] .
An evaluation of this supervised cluster analysis with four kinetic classes (SVCA4) was reported from [
11 C](R)-PK11195 scans of 39 subjects-young and older healthy subjects, MCI and AD patients-acquired on the ECAT EXACT HR? camera [57] . The SVCA4 reference tissue input provided the best contrast between subject groups compared with SVCA6 input and cerebellar input [57] (Fig. 1) . Estimating the V T of the three reference tissue TACs (cerebellum, SVCA6 and SVCA4) using the reversible two-tissue compartment, four rate constants model with metabolite corrected arterial plasma input function, the median V T in each of the four groups studied was smallest for SVCA4 suggesting that of those three reference input functions the SVCA4 reference tissue input came closest to the TAC only representing the non-displaceable binding [57] . Consequently, SVCA4 provided the highest target region BP ND values when the reference input functions were used with the SRTM [57] (Fig. 1) .
Refinements of the reference tissue model and relationship with age
This touches on another important point that of the very small values of BP ND obtained with the SRTM and a reference input function, and even the occurence of negative values on the parametric images for BP ND . Kropholler et al. [58] pointed out that the mean regional BP ND obtained with the SRTM reported in [35] ranged from 0.07 to 0.46, whereas in their own [ 11 C](R)-PK11195 study with a similar population consisting of healthy controls, MCI and AD patients the whole cortex BP ND was 1.6 ± 0.4 using the plasma input reversible two-tissue compartment model with four rate constants and a blood volume fraction correction [58] . Subsequently, the authors developed a simplified reference tissue model with correction for nonspecific binding using a plasma input model with two compartments for the reference tissue [59] . The BP ND estimates with that model approximately doubled relative to the BP ND estimates obtained with the SRTM but were still significantly lower than those provided by the twotissue reversible plasma input model [59] . The large discrepancy between plasma input model derived BP ND versus those obtained using this or the original reference tissue model was thought to result from a large contribution of specific binding in the reference region used and/or from signal arising from the vasculature.
Subsequently, Tomasi et al. [60] applied the simplified reference tissue model which accounts for tracer vascular activity (SRTMV) to dynamic [ 11 C](R)-PK11195 brain scans acquired on the ECAT EXACT 3D. This variation of the SRTM had previously been developed for the analysis of dynamic data for the serotonin 5-HT 1A receptor ligand [carbonyl-
11 C]WAY-100635, a tracer characterised by low signal in the reference tissue during late time of the scans relative to the activity in the vasculature [61] . Therefore, a significant proportion of the TAC at late time is not reflecting tissue activity but spill-over of vascular activity.
The SRTM in its original form [8, 36] does not account for vascular signal either in the reference or the target region resulting in parameter bias dependent on the specific properties of the radiotracer and the study population. In the case of neurodegenerative disease, changes in blood volume and TSPO expression in the vasculature were reported [60] . The substitution of the SRTM with the SRTMV resulted in an increase of BP ND in both AD patients and age-matched healthy controls [60] . Comparing the estimates of the regional fractional blood volumes obtained with the SRTMV, the AD patients had lower values in all brain regions examined than the healthy controls [60] .
An overall visual comparison between SRTM and SRTMV using either cerebellum, SVCA6 or SVCA4 to provide a reference input function for parametric mapping in an AD subject scanned with [
11 C](R)-PK11195 on the ECAT EXACT HR? camera is shown in Fig. 2 [57] . Selecting the thalamus as example target ROI, in Fig. 1 findings in three cohorts (young controls, old controls and AD patients) are compared for the same combinations of models and reference input as in Fig. 2 . Taking the increase in grey matter to white matter contrast provided by the inclusion of the target region blood volume variable in the SRTMV into consideration, Yaqub et al. [57] concluded that for [
11 C](R)-PK11195 data acquired on the ECAT EXACT HR? the SRTMV in combination with the SVCA4 reference input provided the best contrast between groups.
Another proposal to modify the strategy of quantification of specific TSPO binding was presented by Rizzo et al. [62] for scans with [
11 C]PBR28. In parallel to the reversible two-tissue compartment, four rate constants model for the description of the tracer kinetics in tissue [16, 58] another compartment with only a single rate constant was added for the slow, apparently irreversible uptake of [ 11 C]PBR28 into the vessels [62] . Data from 19 healthy participants (10 MAB, 8 HAB, 1 with unknown binding affinity status) were analysed, and improved quality of the fitted tissue TACs, in particular during the first 5 min of the scan, was reported [62] . The total volumes of distribution V T estimated with the modified model were more than threefold smaller but the V T group difference between MABs and HABs increased from 39 to 57 % with the modified model [62] . Further validation of this approach in clinical populations and with other TSPO tracers is pending, and a bloodless model implementation would facilitate its acceptance in larger studies.
The attempt made in [62] to kinetically separate the specific binding of the radioligands to TSPO in brain tissue from that to TSPO localised in the endothelium of brain vessels is relevant to discuss the inconsistent findings in the literature on the relationship between age and BP ND in [35, 43, [63] [64] [65] . In contrast, dementia studies included here found no statistically significant group difference of the BP ND in the thalamus between AD patients (green) and age-matched controls (red) [18, 35, 68] Clin Transl Imaging (2015) 3:403-416 411 healthy subjects. The first two reports using the SRTM together with either a cerebellar input function or an unsupervised cluster analysis input function by Cagnin et al. [35, 43] found an age-related increase of [ 11 C](R)-PK11195 BP ND only in the thalamus but not in the temporal lobe of 14 (8 male/6 female) healthy subjects between the ages of 32 and 80 years (mean age 57.3 years).
In another study [63] , a normalised input curve was first created by averaging the ROIs placed over the cerebral cortical regions including the frontal, parietal and occipital cortices in a healthy group. This population reference input curve was then used with the SRTM to quantify the [ 11 C](R)-PK11195 binding in 10 (4 males/6 females) healthy subjects (age range 39-70 years, mean age ± SD 53.1 ± 12.5 years); thalamus and midbrain showed an agedependent increase [63] . Additional validation is needed for the use of a population-based input function outside the original study it was developed within, as it may be sensitive to experimental factors such as the speed and shape of the radiotracer bolus administration, the peripheral metabolism in the study specific subject population and the properties of the camera used for the acquisition and of the reconstruction of the imaging data.
A subsequent study of 35 (22 males/13 females) healthy subjects (age range 19-79 years) using the SRTM together with a SVCA6 derived reference tissue input function found increased binding of [ 11 C](R)-PK11195 with ageing in frontal lobe, anterior and posterior cingulate cortex, medial inferior temporal lobe, insula, hippocampus, entorhinal cortex, thalamus, parietal and occipital lobes and cerebellum [64]. Thus, Schuitemaker et al. [64] concluded that in the absence of plasma input data the use of the cerebellum as reference region in healthy ageing studies was not appropriate.
Kumar et al. [65] scanned 15 (7 males/8 females) healthy adults (age range 20-49 years, mean age ± SD 29 ± 8.5 years) and 10 (5 males/5 females) children (age range 1.2-17 years, mean age ± SD 8.8 ± 5.2 years) in whom neuro-inflammation was considered to be unlikely on the basis of all available clinical, radiological, serological and follow-up data. Unsupervised cluster analysis [41] was used to segment the dynamic [
11 C](R)-PK11195 images into k = 9 clusters, and the cluster characterised by the TAC with lowest maximal value and fastest washout was used as reference input to the SRTM [65] . BP ND in the cerebellum was found to be higher than that in the frontalparietal-temporal cortex [65] . There was no significant correlation between BP ND values and age, except for thalamus which showed a trend [65] . In addition to the kinetic analysis with the SRTM, a simplified quantification was also performed using standard uptake values (SUVs) calculated from 5 to 20 min scan time [65] . Unlike with BP ND , SUVs for all brain regions were found to be significantly higher in adults than in children and showed a very significant positive correlation with age [65] . The finding of an age-related increase of SUV throughout the brain is consistent with the results of another study by Gulyás et al. [66] that used [ 11 C]vinpocetine as TSPO radioligand instead of [ 11 C](R)-PK11195 and scanned 6 young normal volunteers (age range 22-44 years, mean age ± SD 34.8 ± 5.7 years) and 6 aged normal volunteers (age range 54-78 years, mean age ± SD 67.3 ± 7.6 years). However, age-related increases of SUV in the brain can be the consequence of a variety of causes, raised specific binding to TSPO in brain being only one of them but also changes in perfusion and blood volume with age may be confounders.
As the last paper in this section on age-related changes of TSPO radioligand binding in healthy subjects, the study by Suridjan et al. [67] is the only one of the series not relying on a reference tissue input function for tracer kinetic modelling by using a metabolite-corrected plasma input function and a two-tissue compartment model with 5 % vascular contribution. 33 (13 males/20 females) [57] cognitively normal individuals (age range 19-82 years, mean age ± SD 49.09 ± 18.6 years) were scanned on the HRRT for 125 min following the injection of the secondgeneration TSPO radioligand [ 18 F]FEPPA [67] . Genetic analysis revealed 22 HABs, 11 MABs and no LABs [67] . Regression analyses adjusting for genetic status on [ 18 F]FEPPA V T found no significant effect of age in the hippocampus, temporal and prefrontal [67] .
The effect of age on [ 18 F]FEPPA V T remained not significant even after partial volume effect (PVE) correction [67] . Previously, Schuitemaker et al. [64, 68] had found no effect on their results when a partial volume-corrected ordered subset expectation maximization reconstruction algorithm incorporating the point spread function of the ECAT EXACT HR? camera in the system matrix during reconstruction was compared with standard filtered back projection reconstructed images. Therefore, no impact of PVE correction on TSPO PET data in ageing has been demonstrated yet.
It is important, however, to always bear in mind that any relationship of SRTM derived BP ND with age can only reflect differential effects between the target and reference region. It is not possible to assess absolute levels of specific binding to TSPO in any region of the brain unless a reference external to the brain, that is a plasma input function, is used for quantification. Furthermore, dependent on the choice of the reference input function, pharmacologically meaningless BP ND smaller than zero might be obtained for [ 11 C](R)-PK11195 scans with any of the brain reference tissue approaches. This can for example occur with the cerebellum as an anatomically defined reference region, as the [
11 C](R)-PK11195 binding in the frontal, parietal and temporal cortex of young participants was found to be lower than that in the cerebellum [65] , resulting in the possibility of negative BP ND with [ 11 C](R)-PK11195 for any of those target regions if a cerebellar reference region input function was used [69] .
Summary
Quantification of TSPO in the human brain has proven to be very challenging due to the high expression of TSPO in peripheral organs where the radiotracers are bound specifically, the large contribution of non-specific binding in the brain and the absence of a brain reference region devoid of specific binding. As a consequence it has been difficult to demonstrate and visualise neuro-inflammation in various neurological disorders by TSPO PET imaging and several studies with conflicting or inconclusive findings have been reported. Over time various approaches to overcome these limitations have been proposed by developing methods to obtain a more accurate reference tissue TAC and models that may account for the contribution of signal from the vasculature.
In addition, several new radiotracers for TSPO imaging, for example [ 11 C]PBR28 or 18 F-labelled N,N-diethyl-2-(2-[4-(2-fluoroethoxy)phenyl]-5,7-dimethylpyrazolo[1,5-a]pyrimidine-3-yl)acetamide ([ 18 F]DPA-714) have been developed attempting to reduce non-specific binding and thereby, hopefully, being able to identify the specific signal with higher sensitivity [22, 70] . Most of these second-generation TSPO radiotracers turned out to be sensitive to the polymorphism of TSPO resulting in different binding affinities, which is addressed by Owen et al. in a separate article in this edition. Therefore, their use in human TSPO imaging studies is limited to MABs and HABs as the specific binding in LABs appears to be too small. If patient stratification by TSPO binding affinity is to be avoided in clinical research, and all PET data of a clinical group are to be pooled together irrespective of the TSPO binding status of its members, then specific quantification methods that account and adjust for each subject's TSPO binding affinity are needed for these radiotracers. As seen before with [
11 C](R)-PK11195, datadriven methods for the extraction of reference tissue kinetics need to be devised for the newer TSPO radiotracers to avoid blood sampling and increase their acceptance for use in clinical studies.
